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Iron deficiency is responsible for enormous economical losses in a wide range 
of crops in the Mediterranean area. Different species vary in their susceptibility 
from poorly to severely affected leaf chlorosis, one of the main common symptoms 
for the iron deficiency. The prevention of this nutritional disorder involves the use 
of tolerant rootstocks as the best alternative to palliate the problem in fruit tree 
plantations. The genetic control of the tolerance to this abiotic stress in trees is still 
unknown but studies in other crops suggested that it could be a quantitative trait. 
For that, this work is directed to understand the genetic control of iron chlorosis in 
tree fruits. Two approaches are being used: the quantitative genetics with detection 
of QTLs related with iron chlorosis and the molecular genetic approach with the 
search of candidates genes differentially expressed under iron deficiency. A F1 
population derived from a three ways interspecific cross between the myrobalan (P. 
cerasifera): ‘P.2175’ and the almond x peach hybrid (P. dulcis x P. persica): Felinem 
(formerly GxN 22) was analyzed. SPAD measurements were performed in the leaves 
of the F1 individuals detecting segregation to iron chlorosis tolerance. Preliminary 
results showed correlation between the chlorophyll content and genomic regions 
located in chromosomes 2 and 6, close to other reported QTLs involved in fruit 
quality and fungus resistance. The candidate genes approach is being implemented 
based on in silico screening of genes shown to be expressed in response to iron 
deficiency in roots, such as those encoding FRO2, IRT1 and other candidate genes 
differentially expressed in grape rootstocks under iron induced chlorosis.  
 
INTRODUCTION 
Iron chlorosis is a common growth disorder affecting a wide range of crops in 
calcareous soils where the iron is present but is not assimilable by the plant. The problem 
is particularly important in fruit trees where the use of tolerant rootstocks represent the 
best alternative to prevent the chlorosis (Socias i Company et al., 1995; Gogorcena et al., 
2000; Tagliavini and Rombolà, 2001; Gogorcena et al., 2004). Although the genetic 
structure of the characters related with iron chlorosis tolerance in trees is unknown, there 
is some evidence in other plant species that it could be a quantitative trait (Diers et al., 
1992; Dasgan et al., 2004) identifying some QTLs involved in the response to this 
disorder (Diers et al., 1992; Lin et al., 1997). In grapevine, some QTLs affecting the 
chlorophyll content in leaves and candidates genes, such as FRO2 and IRT1, were 
reported (Decroocq et al., 2006). Furthermore, a hundred DNA fragments from grapevine 
obtained by cDNA-AFLP were isolated and sequenced, identifying 35 genes 
differentially expressed in chlorotic conditions and related to iron metabolism 
(Gogorcena et al., 2006). The main objective of this work is to search genes involved in 
iron chlorosis tolerance in fruit trees to undertake the selection of rootstock using 
molecular markers associated with this tolerance. The analysis of tolerance was 
performed using two different approaches: detection of QTLs and search of candidates 
genes differentially expressed under iron deficiency. 
 
MATERIAL AND METHODS 
 
QTL Approach  
The individuals from a F1 population derived from a three ways interspecific cross 
between the myrobalan (P. cerasifera): ‘P.2175’ and a (P. dulcis x P. persica) hybrid: 
‘Felinem’ were analyzed for tolerance to iron chlorosis. Genotyping was performed with 
SSR markers (Dirlewanger et al., 2004). The trial was carried out in a randomize block 
design at the Estación Experimental Aula Dei (EEAD), Zaragoza (Spain) during three 
consecutive years. The chlorophyll (Chl) concentration was estimated using a SPAD 502 
meter (Minolta Co., Osaka, Japan). Ten leaves per tree were measured to obtain an 
average. 
QTL analysis was performed by Single Marker Analysis. This analysis fits the 
data to the simple linear regression model. Significance at the 5%, 1%, 0.1% and 0.01% 
levels was estimated, indicating whether the marker is linked to a QTL, as implemented 
in Windows QTL Cartographer v2.5 (Wang et al., 2006).  
 
Candidate Genes Approach 
Plants from the ‘Felinem’ parent, provided by Agromillora Catalana S.A. 
(Subirats, Barcelona, Spain) were grown under hydroponic culture conditions and 
submitted to different treatments to measure the ferric chelate reductase activity, to take 
SPAD values (Gogorcena et al., 2000; 2004), to extract chlorophyll from leaves and to 
isolate the RNA from roots (Chang et al., 1993) to study the differential expression of 
candidate genes.  
In order to establish the relationship between leaf Chl concentration per unit leaf 
area and SPAD measurements in this genotype, Chl was extracted from leaves with 100% 
(v/v) acetone in presence of sodium ascorbate and measured according to Abadía and 
Abadía (1993).  
Plants from ‘Felinem’ grown in hydroponic culture were submitted to different 
treatments to understand their response under iron deficiency conditions: Control (90μM 
Fe(III)-EDTA), five days deficient (Def), four days deficient re-supplies with 180μM 
Fe(III)-EDTA during 1 and 2 days (180-1D; 180-2D). The activity of the ferric chelate 
reductase (FC-R) was measured according to Gogorcena et al., (2000). 
 
 
 
RESULTS AND DISCUSSION 
QTL approach 
The two parentals showed differences in the tolerance to iron chlorosis. ‘P.2175’ 
showed greater tolerance while ‘Felinem’ leaves were yellowing under these soil 
conditions. The SPAD measurements performed during three consecutive years illustrate 
the tendency for both parents (Fig. 1). ‘P.2175’ showed small variation between the ten 
trees measured and significant differences between years were not observed. However, 
the ‘Felinem’ parent, reported as tolerant (Felipe et al., 1997), showed a high variation 
between trees. The lowest SPAD values and the highest mortality in this genotype 
suggest problems for adaptation to our soil conditions (Zarrouk et al., 2005). 
The F1 genotypes were also analyzed for tolerance to iron chlorosis by the SPAD 
measurements under field conditions. The segregation for these traits during the three 
years coincided with a normal distribution but the SPAD values were decreased each year 
following the parent’s pattern (Fig. 2). The QTL analysis detected significant molecular 
markers in chromosomes 2 and 6 by Single Marker Analysis. In these positions, QTLs 
involved in leaf morphology or nematode resistance were previously reported 
(Yamamoto et al., 2001; Dirlewanger et al., 2004). However, these results are still 
preliminary due to the small number of genotypes analyzed. The size of the F1 population 
is increasing every year for that the QTL analysis would be done more accurately.  
 
Candidate Genes Approach 
‘Felinem’ plants under iron deficient conditions presented a different 
physiological response. The relationship between SPAD and Chl concentration per unit 
leaf area is shown in Fig. 3 with a high coefficient of correlation R
2
=0.98. The 
chlorophyll content was recovered gradually with the iron re-supply (Fig. 4 A) as it was 
mentioned before in Jiménez (2006). In addition, the FC-R activity increased after 1 or 2 
days of re-supply (Fig. 4 B). This induction suggests a moderate tolerance to iron 
chlorosis probably due to the influence of the almond parent.  
The variation observed in physiological parameters suggests differential 
expression of genes involved in the tolerance to iron chlorosis. Currently, in silico 
screening of genes expressed in the response to iron deficiency in different plant species 
is being implemented. The Arabidopsis FRO2 and the IRT1 involved in the iron reduction 
and transport respectively (Vert et al., 2002; Connolly et al., 2003) were used to perform 
BLAST to the Prunus EST database searching possible homologies in this species. 
Several primers have been designed to implement real time RT-PCR analysis (Gogorcena 
et al., 2006) using cDNA obtained from root tissue. 
 
CONCLUSIONS 
Differences in the iron chlorosis tolerance between ‘P.2175’ and ‘Felinem’ were 
observed with a major adaptability of the myrobalan plum to the calcareous soils 
characteristic from the Mediterranean area. The individuals of the F1 population derived 
from the cross between these two genotypes showed a normal distribution for the SPAD 
values following the same pattern as the parentals for this nutritional disorder. 
The QTL analysis identified two genomic regions involved in the iron chlorosis 
tolerance. The localization of these QTLs corresponds with other regions related with 
different Prunus characteristics. However, the increase of the F1 population that is being 
gradually carried out in the EEAD is important to confirm these results. 
Candidate genes analysis is being implemented to identify genes responsible for 
tolerance to iron deficiency. 
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Figures 
 
 
 
Fig. 1. SPAD values obtained during three consecutive years in the parents of the 
F1 population.  
  
 
 
 
Fig. 2. Distribution of the individuals of the F1 population based on the SPAD 
values. 
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Fig. 3. Relationship between the chlorophyll leaf concentration and the SPAD 
measurements in the ‘Felinem’ genotype.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Response of the ‘Felinem’ genotype under different iron supplement 
treatments: Control (90μM Fe(III)-EDTA), five days deficient (Def), four days deficient 
re-supplies with 180μM Fe(III)-EDTA during 1 and 2 days (180-1D; 180-2D). In (A) the 
chlorophyll content in leaves obtained in the different treatments is represented.  In (B) 
the ferric chelate reductase activity is represented.  
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